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Extreme geomagnetic disturbances due to shocks within CMEs
N. Lugaz1, C. J. Farrugia1, C.-L. Huang1, and H. E. Spence1
1Department of Physics and Space Science Center, University of New Hampshire, Durham, New Hampshire, USA
Abstract We report on features of solar wind-magnetosphere coupling elicited by shocks propagating
through coronal mass ejections (CMEs) by analyzing the intense geomagnetic storm of 6 August 1998.
During this event, the dynamic pressure enhancement at the shock combined with a simultaneous
increase in the southward component of the magnetic ﬁeld resulted in a large earthward retreat of Earth’s
magnetopause, which remained close to geosynchronous orbit for more than 4 h. This occurred despite
the fact that both shock and CME were weak and relatively slow. Another similar example of a weak shock
inside a slow CME resulting in an intense geomagnetic storm is the 30 September 2012 event, which
strongly depleted the outer radiation belt. We discuss the potential of shocks inside CMEs to cause large
geomagnetic eﬀects at Earth, including magnetopause shadowing.
1. Introduction
So far, research on the geomagnetic eﬀects of solar wind structures [e.g., see Borovsky and Denton, 2006]
has typically distinguished between coronal mass ejections (CMEs) and corotating interaction regions (CIRs).
The former are associated with strong disturbances, whereas the latter usually give rise to moderate storms
[Gosling et al., 1991; Richardson et al., 2001; Zhang et al., 2007]. Both interplanetary (IP) shocks and CIRs result
in a large solar wind dynamic pressure increase, which compresses the magnetopause and may signiﬁcantly
aﬀect the magnetospheric current systems. Magnetic ejecta inside CMEs, on the other hand, primarily aﬀect
the Earth’s magnetosphere throughmagnetic reconnection during a period of intense and prolonged south-
ward Bz . Fast CMEs drive shocks, and the shock plus ejectamay result in a two-stage geomagnetic disturbance
[Kamide et al., 1998].
Here we present a new cause for intense geomagnetic storms: an IP shock propagating within a CME.Wang
et al. [2003] looked at the geomagnetic response of a shocked CME, but they did not discuss the details of
the solar wind-magnetosphere coupling. In a recent paper [Lugaz et al., 2015], we examined all cases of a
fast-forward shock propagating through a CMEduring solar cycle 23, ﬁnding 49 such occurrences. In 19 cases,
therewas an intensegeomagnetic stormwithin 12hof shock impact. This shows that such shocks are frequent
and that they can strongly disturb the magnetosphere.
In this letter, we report on the intense main phase of a geomagnetic storm on 6 August 1998 which took
place during a 5 h period following the passage at Wind of a shock inside a CME. In section 2, we discuss the
solar wind and magnetosheath measurements during this shock passage, with emphasis on the changes in
the bow shock and magnetopause due to the shock and shocked CME material. In section 3, we analyze the
geomagnetic response to this event. We then compare it with the 30 September 2012 event in section 4, and
we draw our conclusions in section 5.
2. The 6 August 1998 Event: IP and Magnetosheath Measurements
2.1. IP Measurements
A CME passed over the Wind spacecraft from 5 August 13:00 UT to 6 August 12:30 UT [Richardson and Cane,
2010]. With a speed of 360 km s−1, it was a slow CME which did not drive a shock. However, it had relatively
clear signatures, especially starting around 02:00 UT, 6 August, with an enhanced interplanetary magnetic
ﬁeld (IMF) strength of 9–10 nT, a southward (GSM) magnetic ﬁeld Bz ∼−7 nT, low proton temperature, and
𝛽 . The CME ended at 12:30 UT, as identiﬁed by a quick change of the IMF clock angle to northward Bz , higher
level of turbulence, and higher proton 𝛽 .
At 07:16 UT, 5 h before the CME encounter ended, Wind observed the passage of an IP shock. This shock was
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Figure 1. Comparison of magnetosheath (Geotail, red) and IP (Wind, black) measurements; (ﬁrst panel) the magnetic
ﬁeld strength, (second panel) the magnetic ﬁeld GSM Bz component; (third panel) clock angle, 𝜃; (fourth panel) the
compression, X , in magnetic ﬁeld (black) and density; (ﬁfth panel) the radial speed; (sixth panel) proton density;
(seventh panel) dynamic pressure; and (eighth panel) the location of the subsolar magnetopause using the Shue et al.
[1998] model. The red vertical lines mark the location of the bow shock (BS) and magnetopause (MP) crossing by
Geotail. The black vertical lines mark the position of the shock and the end of the CME.
framewas about 480 km s−1 (110 km s−1 in the solarwind frame), and it compressed the density andmagnetic
ﬁeld by a factor of ∼1.8. This was a weak (Mms ∼ 1.6) and quasi-perpendicular shock (angle with the IMF of
85∘). The ﬁnal 5 h of the CME were clearly strongly aﬀected by the shock passage: the IMF and density were,
respectively, 1.5–2.5 and 2–4 times stronger than before the shock. The stream interface of the CIR occurred
immediately after the CME end.
2.2. Magnetosheath Measurements and Bow Shock Crossings
On 6 August, Geotail was inbound in the afternoon and dusk sectors of the magnetosheath, following a
low-inclination orbit starting at (13, 17,−1) RE at 00:00 UT to (−0.5, 12,−5) RE at 12:00 UT (GSM coordinates).
Geotail crossed the bow shock into the magnetosheath at 05:49 UT (ﬁrst red vertical guideline of Figure 1)
before the arrival of the IP shock. Based on typical bow shock shapes, this implies that the bow shock nose
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was at around 13 RE , or slightly more earthward than typical. This is consistent with the IP measurements at
that time, which showed a southward Bz component of about −7 nT.
A fast-forward shockwas detected at Geotail at 07:35UT. Figure 1 compares the IP (black) andmagnetosheath
(red) measurements, time shifted to the arrival of the IP shock. The compression in magnetic ﬁeld strength
through the shockwas only about 1.25, signiﬁcantly less than the compression of the shock in the IPmedium.
This shock was the counterpart in the magnetosheath of the IP shock detected 0.45 h earlier at Wind. It
was weaker due to its interaction with Earth’s bow shock, consistent with previous studies [Grib et al., 1979;
Samsonov et al., 2006]. According to these studies, the density rise at the IP shock should be distributed over
two components (a shock and a discontinuity) following the interaction with the bow shock, hence the lower
compression ratio seen at the shock by Geotail. Following the fast-mode forward shock, Geotail experienced
a series of bow shock crossings with the last one occurring at 08:15 UT. Through each of these crossings, Geo-
tail measured a compression in themagnetic ﬁeld by a factor of about 2.7 or nearly identical to the bow shock
compressionmeasured before the arrival of the IP shock. The combined eﬀect of the bow shock and IP shock
resulted in extreme values of the magnetic ﬁeld and density in the magnetosheath. Particularly noteworthy
in Figure 1 are (i) the strong southward ﬁeld in the magnetosheath, reaching −70 nT; (ii) the large densities
there, up to 110 cm−3; and (iii) the low position of the subsolar magnetopause (Figure 1, eighth panel; see
further below).
2.3. Magnetopause Shape and Location
We calculated the expected location of the magnetopause (Figure 1, eighth panel) and its shape using the
model by Shue et al. [1998], which is applicable to extreme interplanetary conditions (extreme values of the
model inputs: Bz and Pdyn). Before the arrival of the IP shock, the distance from the Earth to the subsolar
point of themagnetopause was 9 RE . The arrival of the shock pushed themagnetopause standoﬀ distance by
2.5 RE , down to geosynchronous orbit. Including the erosion term associated with the eﬀects of Bz is essen-
tial, since it eroded the daysidemagnetopause by 1.5 RE further thanwithout including it. Themagnetopause
then remained around the location of geosynchronous orbit for ∼5 h. During this time period, its aspect
ratio became large (i.e., the magnetopause “ﬂared” out) with values of up to 1.7 instead of 1.55 before shock
passage (not shown).
The ﬁrst bow shock crossing by Geotail occurred before the arrival of the IP shock at 05:49 UT, a time when
Geotail was at (6.65, 15.9, −4.12) RE in GSM coordinates. After the IP shock, Geotail crossed the bow shock
twicemore in each direction, the last crossing occurring at 08:13 UT, when Geotail was at (4.0, 14.9,−5.26) RE .
During this interval, the solar wind magnetosonic Mach number was slowly decreasing from 5.1 to 4.3. This
decrease is expected to increase the bow shock standoﬀ distance, so the measured earthward motion of the
bow shock must reﬂect an earthward motion of the magnetopause, by about 2.5 RE . This is consistent with
the results from the formula by Shue et al. [1998], which predict an earthward motion by 2.4 RE of the nose of
the magnetopause and a motion by about 3–3.5 RE of the ﬂank of the magnetosphere.
Geotail crossed the magnetopause into the magnetosphere at 12:33 UT, when the spacecraft was at (−1.02,
12.6,−4.63) RE . This crossing occurred slightly earlier than expected based on the formula by Shueet al. [1998],
although it should be noted that themagnetopause started tomove signiﬁcantly due to large changes in the
solar wind around 12:10 UT. The clock angle changed by over 90∘ at themagnetopause, producing conditions
favorable for dayside reconnection. In addition, themagnetic pressure was larger in themagnetosphere than
in the magnetosheath, which is highly unusual but has been discussed by Panov et al. [2008]. In fact, the
transitionwas from a low-𝛽magnetosheath to a high-𝛽magnetosphere. The fact that themagnetosheath has
a low 𝛽 is somewhat expected due to the relatively low AlfvénMach number of the solar wind, as discussed in
Farrugia et al. [1995] and LavraudandBorovsky [2008]. However, this occurred in a period of high densities and
dynamic pressure, not low densities as is typical of a CME passage. The high-𝛽 magnetosphere was probably
due to the inﬂuence of ring current particles in the pressure balance.
3. Eﬀects of the Shock and Shocked CME on Earth’s Magnetosphere
Figure 2 shows the geomagnetic indices during the period of interest. Before the arrival of the IP shock in
the weak CME, the coupling electric ﬁeld following Kan and Lee [1979] was between 3 and 3.5 mVm−1, corre-
sponding to aweak driving of themagnetosphere through reconnection. The SYM-H indexwas about−20 nT,
and there was one substorm onset during the 6 h preceding the shock arrival with a drop of the AL index to
−700 nT concomitant with an increase of the polar cap north index to 4 mVm−1 at 04:00 UT.
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Figure 2. Geomagnetic indices, with important IP parameters included for reference. (a) From top to bottom, the IMF
clock angle, the merging electric ﬁeld, the auroral AL electrojet index, the SYM-H index, and the polar cap north index,
PCN. (b) The ﬂux of energetic electrons (above 600 keV) measured by GOES 8 at geosynchronous orbit over a 28 h time
period centered around the time of shock arrival (ﬁrst vertical line) and end of CME (second vertical line).
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Figure 3.Wind measurements on 30 September to 1 October 2012 showing (ﬁrst panel) proton density, (second panel)
temperature, (third panel) velocity, (fourth panel) the dynamic pressure, (ﬁfth panel) magnetic ﬁeld strength, (sixth
panel) Bz (GSM) component, (seventh panel) the proton 𝛽 (Alfvén Mach number in red), (eighth panel) magnetic ﬁeld
clock angle, and (ninth panel) Kan-Lee electric ﬁeld. The shock is marked with the red vertical line.
Large eﬀects were seen in the 5 h following the shock passage. EKL reached values of 10 mV m
−1, and the
dynamic pressure reached values above 10 nPa. After a sudden impulse, the SYM-H index quickly decreased
to −122 nT at 09:42 UT, i.e., about 2 h after the shock arrival at Geotail. The geomagnetic storm further inten-
siﬁed with a slower decrease of SYM-H to a minimum of −178 nT at 12:20 UT. Recovery started at the end of
the interval, when the IMF turned northward and CME passage ended. The AL index showed three substorm
onsets, in the second of which it went to extreme values of −2400 nT. Overall, these eﬀects were by far the
largest observed in the 48 h period of this combined CME and CIR passage at Earth.
The PCN index showed evidence of strong convection. Under “normal” conditions, themagnitude of the driv-
ing electric ﬁeld (∼ 10 mV m−1) would typically result in saturation of the cross-polar cap potential (CPCP)
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Table 1. Comparison of the CME, Shock, and IP Conditions for the 6 August 1998 and 30 September 2012 Eventsa
Date Dt Type Bmax Bz V N
CME
08/98 24 h NES 10.5 nT −9 nT 360 km/s 11 cm−3
09/12 12 h WSE 8.3 nT −8 nT 315 km/s 10 cm−3
Δt V XN XB Θ Mms
Shock
08/98 18.5 h 480 km/s 1.8 1.8 85∘ 1.6
09/12 9 h 470 km/s 2.1 2.3 85∘ 2.4
Pdyn Bz Mms EKL SYM-H RMP
Parameters Before Shock
08/98 2.8 nPa −8.5 nT 5 4 mV/m −18 nT 8.9 RE
09/12 2 nPa −6 nT 4.8 2 mV/m −31 nT 9.8 RE
Parameters After Shock
08/98 8.5 nPa −17.5 nT 4.4 10 mV/m −169 nT 6.1 RE
09/12 6.8 nPa −17 nT 4.2 8 mV/m −111 nT 6.5 RE
aSYM-Hand the subsolar magnetopause distance, RMP, areminimum in the periods considered, the other columns list
averages. Dt refers to the CME duration, and Δt refers to the time since the start of the magnetic ejecta when the shock
is detected. XN , XB ,Θ, andMms are the density and magnetic compression ratio, the shock angle, and the magnetosonic
Mach number.
[Siscoeetal., 2002] andofmagnetosphereerosion [Mühlbachler etal., 2005]. However, due to the largedynamic
pressure, saturation was not reached for this event. The CPCP measured by DMSP doubled from ∼ 50–60 kV
at 6 UT to 100–120 kV at 8 UT, consistentwith the doubling of the electric ﬁeld through the shock. It remained
above 100 kV until 13 UT and attained a measured peak of 216 kV in the Southern Hemisphere around
10:30 UT. Overall, the magnetospheric convection was being driven by both dayside (EKL) and nightside (AL)
sources.
GOES 8 was in the nightside at the time of the shock arrival. The energetic electron ﬂux (above 600 keV) at
geosynchronous orbit experienced a ﬁrst depression around 2:30 UT followed by a quick recovery (Figure 2b).
It decreased again to the lowest ﬂux level due to magnetopause shadowing, starting at 05:00 UT, i.e., in the
CMEbutbefore the shock arrival (ﬁrst vertical line) anddidnot recover until 12:30UT, i.e., almost coincidentally
with the end of the CME (second vertical line).
4. The 30 September to 1 October 2012 Event
To put this event in perspective, we discuss brieﬂy the 30 September to 1 October 2012 event (Figure 3).
This was another example of a shock inside a CME. It has recently been analyzed by the solar-heliospheric
community [Liuetal., 2014], and it drew the attentionof the radiationbelt community [Baker etal., 2013; Turner
et al., 2014; Hudson et al., 2014]. However, to the best of our knowledge, the connection between an unusual
shock inside a CME and the large geomagnetic response which wiped out the entire outer radiation belt has
not been made. As discussed in Turner et al. [2014], the magnetopause reached geosynchronous orbit for a
period of 15 min starting at 23:50 UT on 30 September about 35 min after the arrival of the shock. This was
due to a combination of moderate dynamic pressure (∼ 8.2 nPa) and large southward Bz (∼ −17 nT). Table 1
summarizes selected IP parameters of these two time periods: unless speciﬁed, the CME and before values
are averaged values for the 3 h before the shock; the after values are averages over 4 h for the 1998 event and
over 1 h for the 2012 event.
In many respects, these two time periods were similar: both CMEs were slow, relatively dense, and with weak
magnetic ﬁelds. The two shocks had similar speed, occurred toward the end of the CME in a period of south-
ward IMF, were quasi-perpendicular, and were relatively weak (but the September 2012 shock was slightly
stronger). A main diﬀerence in the drivers was the presence of a shock ahead of the September 2012 CME
but not ahead of the August 1998 one. This was due to the very slow solar wind speed in September 2012
(∼ 270 kms−1), a characteristic of solar cycle 24 [McComasetal., 2013]. This solarwind speedwas in the slowest
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1% and 5% of the speed distribution for the solar cycles 23 and 24, respectively [de Toma, 2011]. Another
diﬀerence was that high dynamic pressure values persisted for a much longer time in the August event,
probably due to an ongoing compression from the fast solar wind stream for that event.
The IP parameters relevant to magnetosphere and the geo-eﬀects were also very similar. Before the shock,
both CMEs had only aminor eﬀect on themagnetosphere (asmeasured by SYM-H). After the shock, an intense
geomagnetic storm occurred in both cases, with similar elevated electric ﬁelds. The storms were clearly due
to the shock and compressed material behind it, as the threshold of SYM-H = −100 nT was reached within
2 h of shock impact. In both periods, themagnetopause reached geosynchronous orbit due to the combined
large southward magnetic ﬁeld and elevated dynamic pressure. Both events were associated with signiﬁcant
energetic particle loss in the outer radiation belt. The main diﬀerence was that the August 1998 storm was
associated with 25% larger dynamic pressures and a longer forcing for 5.25 instead of 1.75 h. In light of these
similarities, we can expect that the extent of the energetic electron loss in the radiation belts on August 1998
was at least comparable to that measured by Van Allen Probes on 30 September 2012.
5. Discussion and Conclusion
CMEs are often associated with two sequential eﬀects, reﬂected in two-dip storms [Kamide et al., 1998]:
the driven shock and the magnetic ejecta. Here we have presented two cases where the two sequential
eﬀects were combined into one, resulting in an intense geomagnetic disturbance for a relatively weak driver.
This type of driver combines characteristics of CMEs (steady, elevated Bz) and shocks (jump of the dynamic
pressure).
For the 6 August 1998, we have shown how the eﬀects of the shock inside a CME and of the compressed CME
region just downstream of the shock dwarfed the individual eﬀects of the CME and the shock. Although both
the shock and the CME were weak, the magnetopause reached geosynchronous orbit for several hours. This
occurred because of the simultaneous jump in dynamic pressure and southward Bz , the latter eroding the
dayside magnetosphere. GOES 8 measured a large drop of the ﬂux of energetic electrons at geosynchronous
orbit which stopped with the end of the compressed CME, consistent with magnetopause shadowing [Yu
et al., 2013].
The30September 2012 shockwas another caseof a verygeo-eﬀective shockwithin aCME [Liuetal., 2014]. Van
Allen Probesmeasurements of the radiation belt revealed how the shock caused a large decrease in the ﬂux of
energetic particles in the outer radiation belt [Turner et al., 2014]. Many of the CME and shock characteristics,
as well as the IP conditions before and after the shock in 30 September 2012, were highly reminiscent of the
August 1998 event, including the elevated dynamic pressure and southward Bz directly after the shock. These
examples illustrate how the origin of shocks and the IPmedium intowhich they propagate should be carefully
analyzed in order to understand their geomagnetic impact.
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